Land use changes around 26 karstic cave-spring systems in Florida were evaluated using geographic information system. Located in the unconfined or semiconfined zones of the Floridan aquifer, some of the cave-spring systems are directly connected to the surficial land use processes by sinking streams, whereas others receiving diffuse recharge are still vulnerable to contamination due to a thin sandy cover overlying the aquifer. Comparison of nitrate-producing land use practices between 2004 and 2013-2014 shows increasing risks of groundwater contamination in the Floridan aquifer. Proliferation of septic systems and wastewater treatment sites due to growing residential areas, increased use of fertilizers for farming and landscaping stand out as major causes of nitrate overload in the both surface and groundwater.
Introduction
As the largest liquid freshwater reservoir of our planet, groundwater has been under stress in terms of both quantity and quality. Overpumping to meet the demands of the rapidly growing population in urban areas, coupled with frequent droughts in many parts of the world, has put a substantial stress on groundwater reservoirs. Unsustainable exploitation of aquifers resulted in groundwater mining and seawater intrusion in coastal aquifers. Moreover, groundwater quality has been profoundly impaired not only by point contamination sources such as industrial or municipal waste repositories, but also by nonpoint contamination events such as widespread application of fertilizers and a wide range of chemicals for increased agricultural production (Ki et al. 2015; Wongsabit et al. 2015; Kihumbal et al. 2016; Elisante and Muzuka 2017) .
Groundwater contamination becomes much more severe and difficult to deal with in karst aquifers due to their unique groundwater storage and flow characteristics. First, karst aquifers are directly connected to surficial process via dolines, swallets, and disappearing streams. Second, most groundwater flow takes place in enlarged cavities and conduits with no natural filtration and attenuation of the pollutants. Third, groundwater flow occurs in a dual-porosity medium, i.e., both in matrix and conduit porosity, with drastically different groundwater flow path lengths and residence times. Fourth, contamination plumes may travel much faster than conventional aquifers (COST Action 2004) .
In addition to these features of vulnerability, groundwater flow and contaminant transport modeling in karst aquifers require unique approaches. Their anisotropic and heterogeneous structures do not allow them to be adequately characterized by conventional Darcian groundwater flow models (Hartmann et al. 2014) .
These unique properties of karst aquifers and the their subsequent vulnerability to groundwater contamination caused by land use practices have been widely addressed in scientific literature (e.g., Lan et al. 2015; Guo et al. 2006; Hasenmuller et al. 2006; Jiang and Yan 2010) . A typical case of rapid groundwater flow in a karst aquifer and contamination in municipal wells is reported by Worthington et al. (2002) . They discuss the widespread distribution of pathogens due to rapid groundwater flow without attenuation or filtering within the enlarged conduits of the aquifer. In a similar case, Quinlan (1983) discusses rapid and extensive distribution of contamination within the karstic aquifer of the Sinkhole Plain in Kentucky. In addition to a great deal of research on karst groundwater contamination, many studies focused on groundwater protection and management of karst aquifers (Boyer and Pasquarell 1999; Plagnes and Boyer 2005; Jimenez-Madrid et al. 2012; Eftimi and Zojer 2015; Vallejos et al. 2015) .
As one of the major karst aquifers in the world, the Floridan aquifer has been under substantial stress that threatens to impair the groundwater quality and quantity mainly due the population growth from about two millions in 1940s to more than 21 millions (http://world popul ation revie w.com/state s/ flori da-popul ation /). An increasingly common cause of surface and groundwater quality impairment in Florida has been the documented steady increase of nitrate over the past several decades (Jones et al. 1996; Champion and DeWitt 2000; Hornsby et al. 2004) . Copeland et al. (2011) show 19-fold increase in nitrate concentrations in 13 selected first-magnitude springs between the 1970s and 2000. A plant nutrient along with phosphorus, carbon, potassium, and iron, nitrate is essential for a healthy ecosystem. However, anthropogenic nutrient overload results in excessive growth of algae, and consequently in eutrophication, a growing problem in Florida's surface and spring waters (Edwards et al. 2006; Heffernon et al. 2010; Fulton et al. 2015; Lapointe et al. 2015) .
Many studies have attempted to identify the sources and the land use practices that cause nutrient overload in Florida's springs and lakes. In general, most of them state that common sources of nitrate include fertilizers and organic waste that originate from areas of livestock, septic tanks, and wastewater treatment plants. For example, in their study on the nonpoint source pollution in Lower St. Marks-Wakulla River Watershed in Florida, Chelette et al. (2002) cite on-site disposal systems such as septic tanks and cesspits, livestock and commercial fertilizers to explain a threefold increase in total nitrate discharged from the Wakulla springs in the last 25 years. In a later study of the Wakulla Springs area, Eller and Katz (2014) report that septic tanks contribute more nitrogen to groundwater, comprising 51% of the total nitrogen loads. They cite farm fertilizer as the leading source of nitrogen in areas where the Floridan aquifer is confined. Similarly, in their study on the nitrate concentration within the Suwannee River Water Management District, Upchurch et al. (2007) cite two major sources of nitrogen: (1) application of fertilizers to cropland, i.e., land use practices such as row crops, pastures, and groves, and turf such as lawns and golf courses, and (2) animal wastes, including wastes from feedlots, septic tanks, wastewater treatment, and other sources.
Notwithstanding the preponderance of studies on Florida's water quality, mostly reporting an alarmingly increasing trend of nutrient overload due to certain land use practices, there has not been much attempt to determine the land use changes over time. Overall, a statewide urbanization due to population growth can be readily observed, but there is not much information about the extent of nutrient-loading land use changes around cave-spring systems. In this study, land use changes around major cave-spring systems between 2004 and 2013-2014 are examined as potential causes of nutrient overload in the Floridan aquifer groundwater.
Study area and hydrogeologic setting
The study area covers 26 cave-spring systems in Florida (Fig. 1) . These systems represent well-developed sinkhole-cave-spring continuum within the karstic Floridan aquifer.
The Florida carbonate platform is composed of a thick sequence of variably permeable limestone and dolostone, deposited in a stable passive continental margin through most of the Paleogene. Extensively karstified carbonates with high primary porosity give rise to the Floridan aquifer, a prolific aquifer that enjoys abundant recharge from the subtropical rainfall pattern of the area. In much of Florida and Georgia, the Floridan aquifer is confined by a varying thickness of siliciclastic material (Miller 1986 ). Generally, the confinement provides hydrologic decoupling of the aquifer from surficial contamination sources. Groundwater recharge in the confined area occurs through collapse and subsidence dolines that act as karstic windows to the aquifer by breaching the confining layer.
Impermeable siliciclastic sediments that comprise the confining unit deposits have been entirely or partially eroded along the Suwannee River, resulting in unconfined conditions where the aquifer is directly impacted by surficial process (Miller 1997; Williams and Kuniansky 2016) (Fig. 2) . Here, recharge to the Floridan aquifer takes place either by diffuse recharge through a thin sand layer or by point recharge where allogenic streams encounter the carbonate rocks (Upchurch and Lawrence 1984) . Unlike many other karst aquifers, the Floridan aquifer has significant primary (matrix/intergranular) and the secondary (conduit) porosities. This dual porosity brings about two different groundwater flow regimes: Darcian flow within the intergranular medium and turbulent and non-Darcian flow within the dissolutional conduits.
Data and methods
This study is based on geographic information system (GIS) analyses of the spatial data. GIS has been widely applied to groundwater contamination studies to determine potential zones of vulnerability to surficial contamination (Stark et al. 1999; Davis et al. 2002; Capri et al. 2009; Sener and Davraz 2013; Jasrotia and Kumar 2014; Edet 2014; Tokatli 2014; Barroso et al. 2015; Bozdag 2015) , or to create interactive karst databases (see Gao and Zhou (2008) for a review of GIS applications to karst). Regarding the land use impact on groundwater quality, Khan et al. (2011 Khan et al. ( , 2017 discuss two case studies of GIS application to calculate groundwater quality index and to prepare a map of groundwater sustainability in terms of water quality.
In Florida, GIS has been widely used especially by the State's Water Management Districts and the Florida Geological Survey. Among many publications and maps, a comprehensive GIS model developed by Arthur et al. (2005) can be named as a significant contribution to the assessment of the aquifer's vulnerability to contamination.
The method applied in this study involves a series of GIS operations to determine land use changes within 10 km of selected cave-spring systems between 2004 and 2013-2014 using ESRI's ArcGIS 10.2. The data used in this study are as follows:
Caves: The centerlines of cave-springs systems, located within the unconfined or semiconfined zones of the Floridan aquifer, were digitized by the author. An example of these data (Wakulla Cave/Spring System) is shown in Fig. 3 The GIS analysis performed in this study consists of buffer and clip operations. In order to observe land use Blue cave/spring system). GIS was also used to determine the areal percentages of septic systems around the caves and to find the number of hazardous waste sites that are closest to each cave.
Results and discussion
As discussed above, elevated nitrate concentrations in Florida's springs and streams have been widely reported in scientific literature. In this study, available historic nitrate data obtained from the Suwannee River Water Managements District are presented in Fig. 6 . Data are available for only A review of all the potentially nutrient-loading land use practices (Table 1) Fig. 7 ).
Individual analysis of these land use practices reveals similar trends. Residential areas increase around all but two caves (Table 3 , Fig. 8 ). Especially around Ginnie springs, there has been substantial amount of development. The cluster of Telford, Convict, Little River, and Blue Hole stands In Florida, application of inorganic fertilizers to agricultural lands such as row and field crops, and hay provide the most substantial input to groundwater (Harrington et al. 2010 ). This study shows that agricultural lands have increased significantly around Suwanacoochee (6.7%) and Rock Bluff (4.4%) (Table 3) . Moreover, 18 of the 26 caves show increasing rangeland areas within their 10-km buffers. Bonnet, Green, Peacock, Luraville, and Telford springs are among the largest increases in rangeland percentages.
Overall, Cathedral-Falmouth, Devil's Ear, Madison Blue, and Suwanacoochee show increased areal coverage in all of the four nutrient-loading land use categories: residential, pasture, rangeland, and agriculture (crop).
Other important potential nitrogen load sources such as golf courses, poultry and cattle feeding operations, and wastewater treatment plants are also compared. Table 4 lists the number of these sources around each cave. The numbers, instead of areal percentages, of the sources are listed as they do not cover substantial areas, but contribute significantly to the overall nitrogen load. It is alarming to note that the number of sewage treatment plants has increased dramatically within only 10 km of all but two caves. These domestic wastewater plants account for significant nitrate loads to groundwater (Chelette et al. 2002; Harrington et al. 2010) . Especially where the Floridan aquifer is unconfined or semiconfined, septic tanks, with their lower attenuation factors than other sources, provide potentially more nitrogen input to the Floridan aquifer. Due to the increased development around the cave-spring systems, the number and density of septic systems have also multiplied, significantly degrading the groundwater quality. The percentage of areas with septic systems around the caves calculated in this study are alarming (Table 5 and Fig. 9 ).
In addition to potentially harmful land use practices, spatial distribution of point contamination sources such as hazardous waste sites should be considered in assessing vulnerability of cave-spring systems to environmental stress.
This was attempted by a spatial join operation performed in GIS, revealing the number of closest Department of Environmental Protection (DEP) cleanup sites closest to each cave (Table 6 and Fig. 10 ). Leon cave system with an astonishing number of 206 cleanup sites stands out as the most vulnerable cave system in the study area.
Not only the type of contamination source and the contaminant characteristics, but also the recharge type and the groundwater flow prove to be critical for the Floridan aquifer groundwater quality. Many river and stream sites with significant declining nitrate trends are located where the Floridan aquifer is confined, whereas springs, located on the unconfined area around middle and lower Suwannee River, show increasing nitrate trends (Upchurch et al. 2007 ). This can be explained by the lack of efficient attenuation of nitrates as recharge occurs through a thin sandy soil cover material, concentrating into the epikarstic solution pipes before reaching the Floridan aquifer. On the other hand, contamination may also be critical and rapidly progressing when allogenic streams disappear within the swallets formed along the boundary between unconfined and confined areas. Dual porosity and associated flow regimes in the Floridan aquifer are revealed by studies on the isotopic age of groundwater and by those that involve dye tracing experiments. Based on the groundwater age information, Katz et al. (2014) state that elevated nitrate concentration will persist in groundwater for decades even after substantial decreases in fertilizer N-input. As such, immediate improvements in water quality are not expected, which is typical of Darcian flow conditions that occur within the intergranular (matrix) porosity of the Floridan aquifer. On the other hand, having performed a series of fluorescent dye tracing experiments, Kincaid et al. (2012) report much higher conduit flow velocities (677 to 971 ft/day) between the City of Tallahassee's wastewater spray field and Wakulla Springs.
In karst aquifers, groundwater quality is also affected by the hydraulic balance between the groundwater table and surface runoff, controlling the rate and extent of surface runoff recharge. Karst features may operate as springs or swallets depending on the hydraulic balance. As explained by Hensley and Cohen (2017) , these episodic flow reversals play an important role in regulating the ecosystem state in Florida.
Protective measures have been taken to reduce particularly the agricultural nitrate input by promoting best management practices (BMP). Adopted by many commercial farms, the effectiveness of BMPs is still a topic of discussion (Currens 2002; Prasad and Hochmuth 2016) .
Conclusions
The assessment of land use changes around selected cave-spring systems confirms the existence of anthropogenic impact on the widely reported elevated nitrate concentrations in spring and surface waters of Florida. The water quality of the Floridan aquifer is under severe risk of impairment due to the substantial proliferation of nitrogenproducing land use practices around selected cave/spring 2013 2013-2014 2013 2013-2014 2013 2013-2014 2013 2013-2014 Alachua 3  3  1  0  1  0  4  6  Blue Hole  1  1  2  3  1  0  0  2  Blue Jackson  2  2  0  0  1  3  2  3  Bonnet  0  0  40  35  16  4  2  3  Cathedral-Falmouth 0  0  43  28  2  1  2  6  Convict  0  0  35  32  19  9  2  3  Devil's Ear  0  0  2  1  0  0  0  6  Ginnie  0  0  2  1  0  0  0  3  Green  0  0  38  30  14  3  2 system, and significant number of hazardous waste sites in the area. This problem requires improvement on on-site disposal system technologies, continued long-term monitoring of stream and spring flow and quality, and, despite its varying degrees of success, implementation of BMPs, with particular emphasis on nitrogen-fixing agricultural practices. This study also shows the importance of spatial databases on karst features that are compatible to GIS analyses.
In karst areas, not only common spatial data layers such as hydrology and land use/land cover, but also detailed inventories of karstic features such as caves and depressions are critical in environmental assessments and modeling studies. 
